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Dynamic aspects of guinea pig inner hair celf receptor potentials with 
transient asphyxia 
DC and AC receptor potentials of cochlear inner hair cells in response to tone bursts of various frequencies and intensities were 
continuously measured during and following periods of transient asphyxia. The effects of asphyxia were most pronounced for low 
sound pressure level (SPL) acoustic stimuli near the characteristic frequency (CF) of the inner hair ceil. leading to vulnerability of the 
‘tip’ of the cell’s frequency tuning curve (FTC). The resulting changes in the shape of the FTC are. first. a reduction in tip criterion 
sensitivity of IO-20 dB without significant Ioss in sharpness of tuning. Later. when the fuil effect of 30-45 s asphyxia occurs, tip 
sensitivtty toss between 30 and 65 dB is accompanied by greatly broadened tuning and a shift downward in frequency of the CF by 
greater than l/4 octave. The CF shift is due to a progressive loss of high frequency sensitivity. The linear segment of the Input-output 
(intensity) function. plotted as log DC receptor potential versus SPL (at the original CF), becomes longer during the early phase 
asphyxia, and the slope of the segment declines by 50%. AC high SPLs. fur all frequencies, the time course of the receptor potential 
change was similar in shape to that exhibited by the endocochlear potential (EP). In particular, for high sound levels. the recovery of 
response matches the EP while for low level tip frequency sounds recovery is protracted. No difference between the decline of the AC 
and DC receptor potentials at CF was observed. Inner hair cell resting membrane potential (E,,, f hyperpolarized durmg asphyxia by 
2-6 mV, correlating with the change in EP according to a ratio of I/l0 (E,/EP). 
cochlear hair cell, receptor potential, asphyxia, endocochlear potential 
The sound-evoked responses of cochlear inner 
hair cells (IHCs) have been shown to be highly 
vulnerable to transient asphyxia [5,36]. Given that 
the majority of auditory afferent neurons in- 
nervate the inner hair cells 1461, one significance of 
this finding is that the well known sensitivity of 
the auditory nerve potentials under hypoxia 
[2,10,15,25] is largely accounted for by inner hair 
cell response changes. The general character of 
tuning changes seen for hypoxic neurons [12] is 
equivalent to that observed for inner hair cells and 
no further physiological degradation due to hypo- 
xic effects on the neuron need be invoked. The 
most prominently vulnerable feature of both the 
IHC and the auditory nerve fiber is the sharply 
tuned ‘tip’ portion of the frequency tuning curve 
(FTC). During a short period of transient asphyxia 
when the low frequency ‘tail’ portion of the FTC 
may be only slightly shifted toward reduced sensi- 
tivity, the tip portion of the curve can be com- 
pletely eliminated. 
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The ~lnerability of the inner hair cell response, 
however, is a complex phenomenon exhibiting both 
frequency and intensity dependence and other 
properties not yet described for the auditory nerve. 
This study examines some of the frequency and 
intensity dependent changes of inner hair cell per- 
formance during transient asphyxia and char- 
acterizes the time course of intracellular potentiai 
alterations. It is possible to correlate some of these 
observations to the decline and recovery of the 
endocochlear potential (EP) which occurs during 
asphyxia. The dependence of the changes on 
frequency lead to a specific dynamic pattern of 
FTC alteration where there can be some indepen- 
dence of sensitivity and frequency selectivity. 
Methods 
Pigmented and albino guinea pigs with body 
weights between 200 and 350 g were anesthetized 
with sodium pentobarbital (15 mg/kg i.p.f and 
Innovar-Vet (0.4 ml/kg i.m.) and paralyzed with 
curare (0.3 mg i.m.). Artificial respiration was 
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provided with continuous monitoring of end-res- 
piratory CO, and heart rate. A heating blanket 
maintained rectal temperature at approximately 
38°C and supplemental heating to the head was 
provided to maintain normal cochlear temperature 
[6]. After exposing the cochlea by a ventral-post- 
auricular surgical dissection, a small fenestra was 
made into scala tympani of the basal turn similar 
to that described by Sellick and Russell [42] but 
with modifications previously outlined [S]. 
Electrical potentials from the round window 
were measured with a silver wire electrode relative 
to a chlorided silver wire ground electrode placed 
in the neck muscles. Intra- and extracellular poten- 
tials were measured using glass micropipettes 
pulled from fiber-type borosilicate glass (1.5 mm 
OD 0.8 mm ID) using Sutter Instruments Co. {San 
Francisco, Calif.) electrode puller (Brown-Flaming 
type). The electrodes, back-filled with 3 M potas- 
sium chloride, had resistance values between 50 
and 150 mB and were not beveled. A hydraulic 
microdrive and a piezoelectric pusher were used to 
advance the electrodes. Experiments were carried 
out on a vibration-isolation table within a sound- 
and electrically-shielded booth. High frequency 
sound stimuli (2-40 kHz) were produced by a 
l/2-inch condenser microphone system patterned 
after a design by Evans [13]. Low frequency (100 
Hz) stimuli were produced by a loudspeaker-type 
driver which was also coupled closed-field to the 
external ear canal in parallel with the high 
frequency source. Sound pressures were measured 
close to the tympanic membrane with the aid of a 
calibrated probe tube attached to a second l/2- 
inch condenser microphone. In this report sound 
pressure levels (SPLs) in dB are referenced to 
20 x 10e6 Pa. Tone bursts with rise-fall times of 1 
ms, durations of 10 ms and repeated at 5-10/s 
were used to evoke the compound action potential 
(CAP) recorded from the round window. Tone 
bursts with rise-fall times of 10 ms, durations 
80-120 ms, and repeated at 5-10/s were used 
when testing the response of a hair cell. 
Electrode signals were amplified by a capacity 
compensated DC pre~p~fier. CAP was measured 
from an oscilloscope while intracellular DC recep- 
tor potential magnitudes were measured with the 
aid of a laboratory minicomputer after ap- 
propriate analog to digital conversion. Both re- 
sponses were simultaneously recorded on chart 
paper. AC receptor potentials and the cochlear 
microphonic (CM) were measured using a wave 
analyzer. Round window CAP visual thresholds 
corresponded to approximately 10 PV of peak 
signal (the N, component). 
CAPS to various frequencies between 4 and 40 
kHz were tested to assess surgical or other damage 
to the cochlea. Most data in this report are from 
cochleas which were unchanged or were within 10 
dB of normal thresholds between 12 and 20 kHz, 
the typical responsive range of an inner hair cell 
from the recorded region of the cochlea. ‘Insensi- 
tive’ IHCs of this report were recorded from 
cochleas with 25 dB or greater loss of CAP 
threshold at 20 kWz. 
A cell was classified as an inner hair cell at the 
time of recording according to criteria outlined 
previously [5] and by the appearance of a large DC 
receptor potential in response to tone bursts as the 
electrode penetrated the cell [17,37]. 
Asphyxia was produced by interruption of 
artificial respiration, usually for periods of 30 or 
45 s. For some animals respired with 5% COz and 
95% 0, (carbogen), the duration of the asphyxia 
was variable; respiration was resumed at the time 
that heart rate suddenly decreased by approxi- 
mately one half. One additional guinea pig re- 
ceived pure nitrogen respiration instead of 
asphyxia, i.e. respiration was maintained but the 
gas was changed from air to nitrogen. In this case 
the durations of the anoxia were also 30 and 45 s. 
Since all variables could not be recorded simul- 
taneously, any given animal was subjected to more 
than one asphyxia per experiment. The time course 
of the decrease in the EP was always measured last 
in order to avoid electrode penetration through the 
organ of Corti until after hair cell responses had 
been measured. Data for FTCs were obtained 
from a sequence of automatically presented tone 
bursts. To characterize a cell’s full FTC, a set of 12 
frequencies spaced approximately 1.5 kHz apart 
between 6 and 24 kHz was given at 8 sound 
pressure levels. The 8 intensity levels covered a 
dynamic range of 64 dB and the maximum sound 
level was usually between 85 and 95 dB SPL. On 
occasion, detailed DC receptor potential versus 
SPL (intensity) functions at a single frequency 
were generated by a sequence of sixteen 5 dB steps 
(85-95 dB SPL max for sensitive cells) presented 
in order of decreasing intensity. No effect of order 
was observed in independent tests. The FTC was 
usually constructed by extrapolating or interpolat- 
ing the SPL required to produce 2 mV of DC 
receptor potential. During an asphyxia. however. 
for some inner hair cells, the number of frequen- 
cies was reduced to 5 which were centered about 
the cell’s characteristic frequency (CF). FTCs con- 
structed from such data show only the tip portion 
of the tuning curve. The use of only 5 frequencies 
allowed a reduction in the time required to gener- 
ate the FTC data. A 5 frequency FTC was gener- 
ated every 5-6 s. 
For experiments which examined the relation- 
ship of the AC and DC receptor potentials at the 
CF during asphyxia, a repeating train of 16 (ap- 
proximately 100 ms duration) tone bursts spaced 5 
dB apart were used as above for generating de- 
tailed intensity functions. This permitted construc- 
tion of a sequence of intensity functions for the 
hair cell during and after the asphyxia. The AC 
receptor potential was recorded with a wave 
analyzer at a bandwidth setting of 100 Hz. Elec- 
trodes were capacity compensated subjectively 
using cues based on the shape of an injected 
square wave and on the background noise. Only 
the relative values of AC potential are meaningful 
as cell and electrode time constants were not de- 
termined. 
Results 
Dynamics of FTC changes with asphyxia 
One of the most profound effects of transient 
asphyxia on the response of the inner hair cell is 
the reduction of sound evoked receptor potential 
for frequencies near the CF of the cell (5,361. For a 
short asphyxia the tail region of the FTC often 
exhibits little change while the tip portion can be 
nearly abolished. 
Fig. 1 illustrates FTCs from two example inner 
hair ceils where the number of frequencies was 
minimized and the presentation rate of successive 
tones was maximized, allowing construction of 
many FTCs during and following a short asphyxia. 
In most instances 5 frequencies were chosen 
centered approximately about the CF of the cell 








Fig. 1. Frequency tuning curves (2 mV FTC‘s) obtained from 
two IHCs during and immediately following transient asphyxia. 
Initial and final FTCs taken before and after asphyxia respec- 
tively are labeled. For the cell of (A) a 12 Frequency FTC was 
obtained before and after a 70 s asphyxia following carbogen 
breathing. All other FTCs. of both cells, were interpolated from 
intensity functions generated by five frequencies. The parame- 
ter is the sequence order of the FTC. Each 5 frequency FTC 
required 5-6 s of tone presentations. For the cell of (B), data 
collection was terminated before the cell fully recovered from a 
30 s asphyxia giving a degraded ‘final’ FTC. These graphs show 
the accumulation and recovery from tip sensitivity loss and a 
downward shift of the characteristic frequency. 
kHz. Other experiments used a finer frequency 
resolution of 0.8 kHz. Thus, the resulting FTC 
frequency range encompassed just a portion of the 
tip area of the normal FTC curve. For the IHC of 
Fig. 1A a complete (12 frequency) FTC was also 
obtained. 
The vulnerability of the FTC tip is evident in 
Fig. 1. There is a progressive and monotonic shift 
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TABLE I 
THE EFFECT OF TRANSIENT ASPHYXIA ON FTC TIP SENSITIVITY, Qlods AND CF 
The animals were subjected to 30 s of asphyxia with the following exceptions: No. 689 for 45 s asphyxia; No. 738 for 30 s of nitrogen 
breathing; No. 740 for 30 s asphyxia after carbogen breathing. The principal finding expressed in this table is that 30 s of asphyxia 
leads to approximately a 30-40 dB loss in FTC tip sensitivity which is accompanied by approximately a I/4 octave shift downward 




CF Q lOdB Tip sensitivity Tip sensitivity CF shift 
(dB SPL) decrease (dB) downward 
(kHz) (octave) 
414 19.4 N.A. 45 
420.1 20.5 7.0 4 
512 20.5 8.5 30 
554 19.9 8.0 47 
605 22 5.9 25 
677 17 N.A. 32 
689 18.5 N.A. 25 
738 19.9 13.2 22 
740 21.5 11.4 28 
45 z 1.5 ( z 0.12) 
50 1.5 (0.10) 
64 1 4.7 ( > 0.38) 
37 > 3.0 ( > 0.24) 
29 2.6 (0.18) 
z 60 > 3.2 ( z 0.30) 
> 45 > 1.4 ( z 0.11) 
59 > 3.1 ( > 0.24) 
> 29 > 4.7 ( z 0.36) 
upward toward decreased sensitivity which is fol- 
lowed by a recovery having the reversed pattern. 
Careful inspection of the figure reveals that the CF 
in each case shifts toward lower values during the 
time course of the asphyxia and, later during re- 
covery, progressively returns to the initial value. 
Measuring the extent of the shift is hampered by 
the relatively coarse frequency steps and in some 
cases by the lack of sufficient low frequency points. 
CF shifts and other parameters for 9 IHCs, mea- 
sured during various lengths of asphyxia, are given 
in Table I. CF shifts greater than l/4 octave 
towards lower frequencies were a common result 
of these asphyxias; greater shifts occurred for the 
longer asphyxias. 
In addition to a change in the CF, two other 
features of the tuning curve tip are used to de- 
scribe its character. The criterion response (2 mV 
of DC receptor potential in this study) at the CF 
indicates the sensitivity of the cell while the Qlods 
measure describes its sharpness of tuning. Qloda is 
defined as the CF frequency divided by the 
frequency width of the FTC 10 dB above the tip. 
Q 10dB values of this study are interpolations from 
straight line segments drawn between data points. 
Fig. 2A shows the decibel change in sound level to 
evoke the criterion response for 5 IHCs during and 
following an asphyxic period. The curves show an 
orderly loss in responsiveness that ranges between 
30 and 65 dB. On resumption of respiration there 
is a recovery of sensitivity that proceeds over a 
longer time course than the initial decline. QlodB 
changes that accompany the tip sensitivity changes 
are given in Fig. 2B. Note that all of the plotted 
functions of Fig. 2B are segmented, having an 
early portion between 0 and 30 s and a recovery 
segment later. The hiatus is due to the inability to 
measure a Qlode when the FTC is no longer ‘ V’ 
shaped or when the arms of the ‘ V’ are less than 
10 dB in vertical length (see Figure 1). Although 
the accuracy of the Qi,,,,a measure is limited by the 
resolution of the frequency steps used to generate 
the FTC, there is a clear tendency for the sharp- 
ness of tuning to remain constant for a period of 
time at the beginning of the asphyxia. During this 
time period the tip sensitivity is decreasing. In 
general the tip sensitivity may become depressed 
by lo-20 dB while the Q,ade remains within one 
unit of the initial level. 
This phenomenon is the result of a differential 
change in the IHC’s response across frequency. 
Fig. 3 shows, for one IHC, the sound level re- 
quired to produce the 2 mV criterion response for 
4 frequencies at and near the IHC CF. The rate of 
change of the criterion response is greatest for the 
highest frequency and somewhat less for each 
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Fig. 2. Changes in Qlode and FTC tip sensitivity during and 
following 30 s asphyxia. (A) The decibel decrease in FTC tip 
sensitivity for 5 IHCs. The legend gives the initial tip sensitiv- 
ity. Note also that the filled squares are for an animal respired 
on nitrogen for 30 s. (B) The change in Q,c,de caused by 
transient asphyxia. The curves are broken where altered FTC 
tip configurations did not permit measurements of QIOdR. The 
legend of part A also applies to these curves. 
Level dependence of the DC receptor potent&l 
changes with asphyxia 
Near the characteristic frequency, where the 
asphyxic effect is most dramatic, there is a pro- 
nounced dependence of the changes on the level of 
the stimulus. Fig. 4 shows examples of intensity 
functions at CF from three IHCs taken during the 
period of asphyxia. In each panel of Fig. 4, the 
parameter is time measured in seconds. Thus the 
figure illustrates how the intensity function changes 
from its normal state, where it exhibits a low level 
linear segment and a saturation-like segment at 
high sound pressure levels, to a condition where it 
has become somewhat straightened. The increased 
dB range of the straight segment comes about 
mostly at the expense of low level performance of 
the cell. 
The time course of level dependence is more 
easily seen in Fig. 5 which plots the DC receptor 
potential changes at four sound pressure levels 
(from two IHCs) during two asphyxia durations 
(30 and 45 s) and during recovery. DC receptor 
potentials evoked by the low level sounds in this 
figure are greatly reduced and require long time 
periods to recover. In contrast, the DC receptor 
potentials evoked by the highest level sound (94 
dB SPL) follow a time course which bears consid- 
erable similarity to that of the endocochlear poten- 
tial which is also plotted in Fig. 5. 
These level dependent effects apply in an orderly 
fashion to the frequency dependent effects de- 
scribed above. Fig. 6 plots the percentage change 
of the DC receptor potential for 4 frequencies 
(same IHC as Fig. 4B). Once again the more 
profound influence is for the low SPLs (Fig. 6A) 
Fig. 3. Change in the sound pressure level to evoke a 2 mV 
criterion response of DC receptor potential at 4 frequencies 
(CF was 19.8 kHz). The rate of change is seen here to be 
related to frequency of stimulation. The dip in the function for 
19.8 kHz between 0 and 20 s is due to measurement variability 
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Fig. 4. Intensity functions at CF for three IHCs taken at 
various times during the accumulating performance loss caused 
by asphyxia. The parameter is seconds from the start of 
asphyxia. (A) the guinea pig received 30 s asphyxia after air 
respiration; (IS) 30 s anoxia with nitrogen respiration; (C) 70 s 
asphyxia after carbogen respiration. 
but the functions are also ordered in frequency. 
The asphyxia caused greater reduction for increas- 
ing frequency. 
The data of Figs. 5 and 6 and from other hair 
cells of this study can be summarized as follows: 
(1) transient asphyxia produces a sensitivity shift 
in the inner hair cell that is qualitatively similar to 
the time course of the endocochlear potential 
change when the cell is excited by low (‘tail’} 
frequencies (at all sound levels) or by high (‘tip’) 
frequencies presented at high sound levels; (2) for 
high frequencies presented at low levels, the sensi- 
tivity of the inner hair cell response is more re- 
duced and has a longer recovery time course than 
the EP. In the second case the effect of asphyxia is 
monotonically ordered with frequency, asphyxia 
having a greater influence with increasing 
frequency. 
Intensity function slope changes with asphyxia 
It is of theoretical concern to know the slope of 
the linear portion of WC input-output ~intensity) 
functions before and during asphyxia. The slope of 
Fig. 5. Effect of asphyxia on the magnitude of the DC receptor 
potential at CF for two IHCs and on the endocochkar poten- 
tial (EP}. The parameter is sound pressure level. For the upper 
panel a 45 s asphyxia was administered and for the lower a 30 s 
asphyxia. The recovery of IHC performance is seen to be level 
dependent and takes on the shape of the EP change for high 
sound levels. Note that the EP and DC receptor potential data 
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Fig. 6. Effect of 30 s transient asphyxia on the magnitude of the 
DC receptor potential plotted as percentage change. The 
parameter is frequency and cell CF was 19.8 kHz. (A) Each 
frequency was presented at 56 dB SPL. The 100% level was: 2.5 
mV for 16.7 kHz; 7.8 mV for 18.6 kHz; 8.8 mV for 19.8 kHz: 
and 6.2 mV for 21.4 kHz. (B) Each frequency was presented at 
95 dB SPL. The 100% level was 12.5 mV for 16.7 kHz; 12.9 mV 
for 18.6 kHz; 10.8 mV for 19.8 kHz; and 7.6 mV for 21.4 kHz. 
the guinea pig DC receptor potential intensity 
function for the IHC was first described as being 
linear with sound pressure [37], but in the gerbil 
for frequencies at or below CF it was proportional 
to sound intensity (i.e., DC receptor potential grew 
as the square of sound pressure) [17]. Recently 
Patuzzi and Sellick [31] confirmed that this is also 
the case for the guinea pig. In the present study 11 
sensitive and 2 insensitive IHCs were examined for 
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the intensity function slopes at CF and for fre- 
quencies in -tail area. 
The results of this analysis are given in Table 11 
along with other parameters which characterize the 
cells. The slopes were determined qualitatively by 
observing which slope (1 or 2 dB of receptor 
potential per dB of sound pressure) best fits the 
linear portion of the function. For ‘tail’ frequen- 
cies the slope is approximately 2 dB/dB in concur- 
rence with the intensity-linearity found by Good- 
man et al. [17] and Patuzzi and Sellick [31]. At the 
CF the slopes in Table 2 tend to be less than 2 
dB/dB but two factors could influence this result 
and lead to an artificially low slope estimate. 
Firstly, intensity function slopes decline for fre- 
quencies greater than CF [17.31,37], and due to 
the frequency resolution of this experiment, some 
of the data may be for frequencies slightly above 
CF. Also, Patuzzi and Sellick [31] note that the 
highest slopes (at CF) occurred for the very low 
sound levels which generated DC receptor poten- 
tials below 1 mV. Since the noise floor of the 
present study was approximately 0.4 mV, the high 
slopes, where potentials are small, could be miss- 
ed. The finding of four IHCs with intensity func- 
tion slopes at CF greater than 1 tends to support 
an intensity-linear model. 
It is evident that the intensity functions of Fig. 
4 become abnormal during asphyxia. In addition 
to the straightening that occurs, as mentioned 
above, there is a change in the slope of the low 
level portion of the curves. Table III presents the 
results of an analysis of families of intensity func- 
tions such as those of Fig. 4 for slope change 
during asphyxia. All of the measured IHCs evi- 
denced a decreased slope of the intensity function 
at original CF during asphyxia; the minimum 
slope was approximately 0.5 dB/dB. They fully 
recovered to preasphyxic values upon resumption 
of respiration. 
The observation of declining slopes is a predict- 
able result of the measurement method because 
the nominal CF is not tracked during asphyxia. 
Thus as an IHC CF shifts downward, the constant 
frequency stimulus at original CF gradually be- 
comes an above nominal-CF stimulus where in- 
tensity function slopes for normal IHCs are lower. 
One interpretation of the results is that an IHC 
with shifted CF during early asphyxia, is less 
x 
TABLE 11 
ANALYSIS OF CF AND TAIL FREQUENCY INT~NSI~ F~INCTION SLOPES FOR THE DC AND AC RECEPTOR 
POTENTIALS OF 13 IHCs 
The slopes are a graphical qualitative measure of best fit (1 or 2 dB/dB) to the linear portion of the intensity function when plotted as 
log DC receptor potential for linear dB SPL. Thus a slope of 1 indicates a linear growth of response with sound pressure, while a slope 
of 2 indicates a linear growth of response for sound power (SPL). Dynamic range is a qualitative estimate uf the length of the linear 
portion of the DC receptor potential intensity function from 1 mV to an obvious start of saturation, E, is resting membrane potential. 











E, fmVt Dynamic Saturation 
range (dB) voltage (mVj 
120.3 I 1 1 
738.2 1 2 cl 
740.2 >I 2 <l 
743 >1 2 <1 
747 1 2 N.A. 
763 1 1 1 
765 1 2 >l 
768 1 >I <l 
770 >I >1 >1 
773 1 21 N.A. 
775 2 2 <l 
790.2 1 1 N.A. 














20,‘34 -45 50 11.0 * 
20/26 -32 55 11.0 
20/34 -28 :, so 11 .o 
19/33 -21 35 9.5 
18/28 -30 30 13.0 * 
28,‘35 - 22 > 40 8.5 
20/29 -34 > 20 8.5 
20/9 -22 > 40 7.0 
20/36 -18 40 10.5 
20f30 -24 50 8.0 
19/25 -32 30 8.1 
19/80 -20 > 50 6.1 * 
19/63 -40 > 50 13.6 * 
* The function did not have a distinct saturation for the sound levels presented. Cells 790.2 and 797 are eonsidered to be ‘insensitive’. 
sensitive but ‘normal’ with regard to growth of its 
response with sound level. However, an inspection 
of the functions of Fig. 4 in comparison to above 
CF intensity functions in nonasphyxic IHCs 
[17,31,37] reveals that, under asphyxia, they have 
an abnormally wide dynamic range and high 
saturation levels. 
TABLE III 
AN ANALYSIS OF DC RECEPTOR POTENTIAL SLOPE CHANGES OF THE LINEAR PORTION OF CF INTENSITY 
FUNCTIONS FOR THE DC RECEPTOR POTENTIAL DURING TRANSIENT ASPHYXIA 
The slopes are: dB of DC receptor potential divided by dB SPL and obtained by linear regression. The slope at ‘initial’ is the 









Time (s) Initial 16 23 30 38 45 
Slope 0.9 0.9 0.8 0.8 0.8 0.8 
Time (s) Initial 16 23 30 38 
Slope 1.0 1.05 0.95 0.59 0.5 
Time (s) Initial 38 45 55 62 69 
Slope 0.83 0.6 0.51 0.71 0.58 0.51 
Time (s) Initial 31 38 42 46 49 
Slope 0.83 0.76 0.68 0.57 0.54 0.45 
Time (s) Initial 35 47 53 59 62 






















~elurionship between the DC and the AC receptor 
potential ar CF during asph_vxia 
The AC receptor potentials which can be re- 
corded from inner hair cells are very much at- 
tenuated by the eIectrica1 filtering of the inner hair 
cell membrane and the microelectrode (371. None- 
theless AC potentials (at CF) which are approxi- 
mately l/1000 of the DC receptor potential mag- 
nitude can be obtained and their relative changes 
(at a particular frequency) are usefut. For any 
given frequency both the AC and the DC receptor 
potentials are reduced by asphyxia. In order to 
compare the change of the two potentials the ratio 
of the AC receptor potential to the DC was com- 
puted. AC-DC ratios are plotted in Fig. 7 for four 
example hair cells and each panel shows the ratio 
at 4 to 6 sound levels from approximately 40 to 96 
dB SPL. The stimulus frequency was always at the 
characteristic frequency of the IHC. Gaps in the 











Fig. 7. The ratia of the AC receptor potential to the DC receptor potential during transient asphyxia for 4 II-KS. Broken curves 
represent inability to calculate the ratio due to unmeasurably low potential values. The parameter is sound pressure level. Cells of A 
and 3 were subjected to 30 s asphyxias; Cell C. 30 s of nitrogen respiration; Cell D, 70 s of asphyxia after carbogen respiration. In 
general, the ratio is not changed during asphyxia. The changes for Cell C are possibly artifactual (see text). 
10 
became unmeasurable (approximately 0.5 mV for 
the DC receptor potential and 1 PV rms for the 
AC receptor potential). 
For the most part the graphs illustrate that the 
AC and DC receptor potentials are equally af- 
fected during the asphyxia and that there is no 
significant level dependent effect. The results from 
the cell of Fig. 7C are an exception since small but 
systematic increases in the ratio occurred at all 
levels of stimulation. For seven inner hair cells 
where the ratio has been carefully investigated at 
the CF, only one cell showed a slight increase in 
the ratio. The change for the cell of part C (Fig. 7) 
is possibly an artifact caused by variable cell im- 
palement during asphyxia. For two other hair cells 
where ratios could be computed for only high level 
stimuli (> 50 dB SPL) there were also no signifi- 
cant increases in the ratio. 
The measurement of AC receptor potentials is 
technically difficult and subject to errors due to 
uncertainties about cell and electrode capacitance 
properties. Additionally, there is the theoretical 
possibility of contamination of the intracellular 
signal by cochlear microphonic. The CM is a 
rather large signal which could be electrically con- 
ducted to the intracellular site or electrically coup- 
led through the wall of the electrode. Thus it is of 
interest to examine the time course and magnitude 
shift of the extracellular signals as well. Fig. 8 
compares the AC receptor potential (at CF for 5 
sound pressure levels) in an IHC to CM in the 
organ of Corti near the IHC during and after a 30 
s asphyxia. In both panels it is obvious that, as for 
the DC receptor potentials, there is a sound level 
dependence. Low sound level responses are more 
greatly depressed during asphyxia and they require 
a longer time period to recover. However, the 
intracellular signals are more strongly influenced 
by the asphyxia than are the extracellular signals. 
Consequently, although the intracellular AC re- 
ceptor potential was larger than the extracellular 
at the start of asphyxia, this situation reversed 
during the time of maximum change. The implica- 
tion is that intracellular AC potential in this hair 
cell does not have an important extracellular CM 
component. 
The low frequency response (100 Hz) of three 
IHCs was measured during asphyxia to determine 
if the wave shape changed from a rectified to a 
Fig. 8. The percentage change of the AC receptor potential at 
CF (A) compared to the percentage change of the extracellu- 
larly recorded cochlear microphonic (B) near the electrode 
position of (A). The parameter is sound pressure level and this 
cell performance change was observed for 30 s of nitrogen 
breathing. In (A) the 100% levels were: 11.6 I.~V for 96 dB SPL; 
9.7 pV for 81 dB SPL; 7.1 pV for 61 dB SPL; 5 FV for 41 dB 
SPL; and 44 pV for 36 dB SPL. In (B) the 100% levels were: 8.5 
pV for 96 dB SPL; 7.1 gV for 81 dB SPL; 6.3 PV for 71 dB 
SPL; and 4.5 ).tV for 51 dB SPL. 
non-rectified form as described by Russell and 
Cowley [36]. In response to 105 dB SPL sinusoidal 
stimulation at 100 Hz, inner hair cells produced 
asymmetric waveforms of approximately 10 mV 
p-p having a pronounced rectification in the de- 
polarizing direction. During asphyxia this wave- 
form changed to one having a more sinusoidal 
shape without a DC component. This confirms the 
earlier observation [36] that at very low frequen- 
cies (100 Hz) the intracellular AC receptor poten- 
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tial is more resistant to asphyxia than is the DC 
receptor potential. The resulting AC/DC ratio in 
this case would increase during asphyxia. At the 
present time the reasons for the differences found 
for the AC/DC ratio at CF between present and 
our previous results [6] and those of the Russell 
and Cowley [36] study remain obscure. 
Refat~~n~h~p of endocochfe~r potential changes to 
IHC membrane potential changes during asphyxia 
The dramatic fall in the magnitude of EP dur- 
ing asphyxia is usually accompanied by change in 
the resting membrane potential of the inner hair 
cell [5,36]. The functions sometimes parallel one 
another quite closely as seen for the IHCs of Fig. 
9. The membrane potential changes in these in- 
stances were well ordered and highly correlated 
with the EP changes, but cell recovery is some- 
Fig. 9. Changes in the resting membrane potentials (I?,,,) of 
IHCs compared to the corresponding EP changes of similar 
duration asphyxias but obtained after the IHC measures. (A) 
Asphyxias of 30 and 45 s duration from two IHCs of the same 
animal. (B) Asphyxias of 30 and 45 s duration obtained succes- 
sively from one IHC. 
times incomplete, as in Fig. 9A. The resting mem- 
brane potentials of some hair cells were less well 
correlated to EP change, but hair cells exhibiting 
the good correlation of Figs. 9A and B were more 
common, as is the observed transient depolariza- 
tion during recovery (Fig. 9B). 
The relationship between the EP and the IHC 
resting potential, illustrated by Fig. 10, demon- 
strates the changes induced by asphyxia for ten 
IHCs where a well defined change in membrane 
potential occurred during asphyxia. The relation- 
ship shown is for the falling portion of curves (i.e. 
during the actual period of asphyxia). Variability 
in these data is partially due to nonsimultaneous 
measurement of E, and EP. It is evident that for 
any particular IHC there is a reasonably linear 
relationship between the potentials. Linear regres- 
sion lines were fit to each of these functions and 
the average slope was 0.10 and the average correla- 
tion coefficient (r) was 0.94. 
,___ ,-.-_ r- -.-.i----T 
Fig. 10. The relationship between the millivolt change of the 
endocochlear potential and the millivolt change of the IHC 
resting membrane potential for 30 s asphyxias ( -) and 45 
s asphyxias (- - -). A and B designations are repeated 
asphyxias in the same cell. The data are for the dechning 
portion of the EP change during asphyxia. 
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Discussion 
Asphyxia is a useful tool for studying cochlear 
hair cells in an abnormal but controlled condition. 
Since the physiological condition associated with 
asphyxia (hypoxia, pH change, etc.) can be estab- 
lished quickly, it is possible to measure the perfor- 
mance of hair cells for both the normal and 
asphyxic conditions in the several minutes that 
typifies an intracellular recording period. Re- 
covery from asphyxia is also rapid, offering an 
opportunity to verify that recording conditions 
have not changed. 
The present study reports that IHC perfor- 
mance undergoes a progressive and complex 
change during asphyxia. For low intensity stimuli 
of frequencies in the sharply tuned response area 
of the cell, there is an ordered frequency-specific 
loss in sensitivity of the IHC. This results first in a 
change in the sensitivity of the tip portion of the 
FTC without significant loss in sharpness of tun- 
ing. In fact, the high frequency slope of the FTC 
may increase, leading to an increase in Q,OdB (see 
Fig. 2A). As a consequence, the loss of criterion 
sensitivity (2 mV) is also ordered in frequency and 
there is a progressive downward shift of the CF. 
Some of these findings for the IHC also have been 
observed in the auditory nerve for various noxious 
conditions. A decreased sensitivity of auditory 
nerve fibers without accompanying loss of sharp 
tuning has been reported by Harrison and Evans 
[ 181 for cochleas having drug-damaged outer hair 
cells. It should be noted, however, that in studies 
of auditory nerve tuning during anoxia [11,14] and 
asphyxia [35], sensitivity loss was always accompa- 
nied by frequency selectivity changes. The dis- 
crepancy between these data and the findings of 
the present study could be interpreted as evidence 
that cochlear hypoxia had an additional influence 
on the neuron. However, it is more likely that the 
effect was not observed in the neural studies be- 
cause of the length of time required to collect 
spike data for frequency threshold curves. During 
that time the accumulating effects of asphyxia 
could cause cell performance to pass through the 
intermediate stage where sensitivity and frequency 
selectivity are independent. The CF shift observed 
in the present study supports the hypothesis that 
damaged auditory neurons are tuned to frequen- 
cies below their normal values [20,24,39]. 
At high sound levels, for tip frequencies, and at 
all sound levels for tail frequencies, the time course 
of DC receptor potential change has the shape of 
the change in the endocochlear potential. Under 
these conditions this implies that the sensitivity of 
the IHC is proportional to EP as would be predic- 
ted by the hair cell transduction model proposed 
by Davis 191. In contrast, low sound level responses 
of the tip frequencies have a more complex time 
course of change during asphyxia. A second pro- 
cess must be proposed to act in addition to and/or 
as result of EP change for these low level tip 
frequency stimuli. If the second process is an outer 
hair cell mediated mechanical gain as implied by 
results from experiments which stimulated the 
crossed olivocochlear bundle [4], then models 
which describe this phenomenon must address the 
frequency dependent changes in IHC tuning which 
can be observed with asphyxia. 
A mechanical role for the outer hair cells in 
affecting basilar membrane vibration is one hy- 
pothesis which could account for changes in inner 
hair cell responsiveness for near CF frequencies. 
The observations of Rhode [34] concerning physio- 
logically vulnerable nonlinear basilar membrane 
vibration in the monkey, which have also been 
shown for the guinea pig [43], are possibly related 
to the asphyxia induced effects. In addition, Patuzzi 
et al. [32] have demonstrated that the nonlinear 
intensity function of basilar membrane motion 
(velocity) is vulnerable to loud sound. Temporary 
sound-induced changes in the intensity function 
bear resemblance to’ those reported above for 
asphyxia. 
The findings of this study show that the inner 
hair cell resting membrane potential changes dur- 
ing asphyxia are correlated with EP changes. This 
implies that the intracellular resting potential of 
the IHC is modified by a standing (steady state) 
receptor current which is proportional to the endo- 
coehlear potential. The constant of proportionality 
(0.1) can be interpreted as representing the ratio of 
the hair cell basal resistance to the series combina- 
tion of the basal and apical hair cell resistances. 
Thus, the apical resistance must be approximately 
10 times that of the basal resistance of the IHC. 
The ratio of 0.1 is similar to but higher than the 
theoretical value (approx. 0.03) which can be 
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calculated from the known values of the intracellu- 
lar resting potential and the EP [S]. It is consistent 
also with other indirect measures based on the 
distribution of CM [SO] and on cochlear electro- 
anatomy (e.g., see 148)). 
Precisely how the asphyxic condition causes the 
changes in IHC activity is a matter of conjecture 
at this time. Even the short duration asphyxias of 
this study lead to a complex set of physiologic 
responses on both the systemic level and within 
the cochlea. Asphyxia causes a drop in the amount 
of oxygen (hypoxia) within perilymph and endo- 
lymph [22,25,33] and undoubtedly this oxygen debt 
would compromise the performance of cochlear 
tissues which are particularly heavy oxygen users. 
Thus the stria vascularis, an area demonstrated to 
have high aerobic metabolism, may be more 
vulnerable than the organ of Corti where total 
energy reserves are greater 1533. The asphyxic state 
is likely to result in complex biochemicai shifts 
within the cochlea. These would include the accu- 
mulation of metabolic waste products such as lactic 
acid ]40] and CO, which may in turn result in pH 
shifts within the cochlear fluids and within in- 
dividual cells. 
Among hypotheses which may account for FTC 
tip ~lnerability, three seem particularly viable. 
First, the vulnerability could be due, in part, to the 
reduced value of EP and/or the changed value of 
the intracellular resting potential having an in- 
fluence on voltage sensitive conductances in hair 
cells. Lewis and Hudspeth f23J have demonstrated 
the existence of such conductances in frog sacculus 
hair cells which could be present in both types of 
mammalian hair cells. Voltage sensitivity of mem- 
brane conductance is usually modeled by config- 
urational change or aggregation of proteins or 
glycoproteins inserted into the membrane lipid 
bilayer, and these gating processes can have differ- 
ent rate constants [27]. Some evidence now exists 
in support of voltage sensitive tuning in the organ 
of Corti [19,28-301, but observations on frequency 
independent performance of IHCs during in- 
tracellular current injection 130) suggest that it is 
the outer hair cell which is responsible for such 
voltage sensitivity. Since rate constants of mem- 
brane gating processes may be on the order of 
fractions of milliseconds [23,27] and electric cur- 
rent induced tuning effects occur and recover im- 
mediately [30], the long recovery time from 
asphyxia required by the IHC receptor potentials 
cannot be due only to these voltage sensitive 
processes. However, channel gating is also a func- 
tion of ionic species and concentrations bathing 
the membrane. For example, both Cazi. and mem- 
brane potential participate in activating a K ’ 
conductance in frog hair cells [23]. Thus, if cell 
handling of calcium were hampered by an energy 
shortfall during hypoxia, delayed effects on mem- 
brane conductances could be postulated. 
As a second possible functional target of 
asphyxia, extracelfular pH, or extracellular ion 
concentrations could influence the mechanical 
coupling between the IHC and the tectorial mem- 
brane, or between inner and outer hair cells medi- 
ated by tectorial membrane changes. Some evi- 
dence for mechanical interaction of inner and 
outer hair cells has now been obtained [3,4] in 
support of earlier hypotheses for such action 
[26,44]. Tectorial membrane properties in these 
schemes are a critical factor and although Iittle is 
known about these properties the available data 
suggest the possibility of functional vulnerability. 
The physical size of the membrane is influenced 
by sodium concentration [21] and the electrical 
internal charge may be affected by local pII and 
ionic strength ]47]. The gel-like nature of the tec- 
torial membrane may predispose it to fluctuations 
in its mechanical properties under the influence of 
changing ionic strength or electric field as oh- 
served for some other gels 1491. It is of interest to 
note that the present study did not find a signifi- 
cant difference in performance change between 
asphyxia and the one case of hypoxia (nitrogen 
breathing). Asphyxia would presumably result in 
higher levels of local CC&. 
A third, and possibly the most compeilin~ ra- 
tionafe for action of the asphyxia, would be a 
metabolic influence directly on the hair cells. Thal- 
mann et al. [53] have determined that the ‘meta- 
bolic reserve’ of the organ of Corti is high, taking 
into account glycogen, glucose, ATP, and P-crea- 
tine revels. And although Ryan et al. 1381 have 
observed greater metabolic activity of IHCs with 
loud sound, it is the outer hair ceils that are 
particularly endowed with high glycogen levels 151 J 
along with an abundance of mitochondria in some 
species f45]. 
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Vosteen [55] has postulated that the organ of 
Corti may rely more on anaerobic glycolytic 
processes because of what were thought to be low 
oxygen levels at the hair cells (due to lack of a 
local vascular supply). Thalmann [52] proposed 
that anaerobic glycolysis could permit a superior 
responsiveness to energy demands with loud sound. 
However, evidence suggests that the organ of Corti 
has a reasonable oxygen supply via the perilymph 
j22.411. Taken together with glycogen levels and 
the distribution of mitochondria, an interruption 
of the oxygen supply should lead to a change from 
aerobic to anaerobic glycofysis resulting in 
abnormally high levels of lactate within outer hair 
cells. Since high tissue levels of lactic acid have 
been linked with cell death in the brain [56] it is 
possible that moderate levels could reversibly alter 
intracellular biochemistry, perhaps by way of 
changes in pH. Intracellular pH and Ca2+ are 
biochemically linked and appear to be important 
for some types of actin filament assembly [1,7,5’7J. 
Although high Ca*’ concentration does not seem 
to disrupt (solate) stereociliary core bundles [54], 
Flock et al. 1161 note a mechanical influence at the 
cuticular plate. Thus, intracellular trapping of Ca*+ 
in metabolic deficiency, perhaps related to high 
intracellular pH, could result in a delayed recovery 
of outer hair cell mechanical properties. 
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